The oviduct is a key component of the female reproductive tract, where essential states such as oocyte maturation, sperm capacitation, fertilization, and initial embryonic development take place \[[@r1], [@r2]\]. The oviduct is classically described as a sterile milieu, even though pathogens and endotoxins could invade the mucosal surfaces of the oviduct via the uterus, peritoneal cavity, and follicular fluid. Therefore, the oviduct environment should be equipped with an efficient and strictly controlled immune system \[[@r3]\]. We have recently shown that polymorphonuclear neutrophils (PMNs), the first line of defense against microorganisms, are present in the bovine oviduct fluid during preovulatory stages. Moreover, the findings of our recent study strongly suggest that the bovine oviduct provides a prostaglandin E~2~ (PGE~2~)-rich microenvironment to protect sperm from phagocytosis by PMNs that they possibly face *in vivo*, thereby supporting sperm survival in the oviduct \[[@r4]\].

Alpha 1-acid glycoprotein (AGP), a major acute-phase protein produced mainly in the liver, is a single polypeptide chain of 20.4 kDa, with a carbohydrate moiety that accounts for 40% of its total mass \[[@r5], [@r6]\]. Hepatic production and serum concentrations of AGP are increased in response to systemic injury and inflammation \[[@r7]\]. The precise biological functions of AGP are not completely understood, but numerous activities of potential physiological significance have been described, particularly its effects on immunomodulation and its ability to bind basic drugs \[[@r8]\]. These activities of AGP have been shown to be mostly dependent on carbohydrate composition, and changes in glycosylation can affect the biological properties of AGP \[[@r9]\]. AGP mRNA is expressed in extrahepatic organs, such as the lung, kidney, spleen, lymph node, uterus, and ovary \[[@r10]\].

Therefore, we hypothesized that AGP is secreted locally in the bovine oviduct, and is involved in regulation of the phagocytic activity of neutrophils for sperm.

To test our hypothesis, we investigated, 1) the local production of AGP in the bovine oviduct, 2) the effects of AGP on the phagocytic activity of PMNs for sperm and superoxide production; and 3) the impact of AGP desialylation on PMN phagocytosis for sperm.

Materials and Methods {#s1}
=====================

Oviduct preparation
-------------------

Paired oviducts along with their ipsilateral ovaries were collected from a local slaughterhouse, and they were closed from both ends to prevent leakage or contamination of the oviduct contents. The stages of the estrous cycle were determined macroscopically by assessing ovarian morphology through the observation of color, size, and weight of the corpus luteum, as described previously \[[@r11]\]. Furthermore, oviducts as well as the attached uteri were macroscopically examined to ensure that they were healthy and free from inflammation. Following these examinations, oviducts were immersed in PBS without Ca^2+^ and Mg^2+^ (PBS^--/--^) (Sigma-Aldrich, St. Louis, MO, USA) and supplemented with 0.3% amphotericin B (Sigma-Aldrich), and 0.3% gentamicin (Sigma-Aldrich).

Primary bovine oviduct epithelial cell (BOEC) isolation and cultivation
-----------------------------------------------------------------------

The isolation and cultivation of BOECs was based on the method described previously \[[@r12], [@r13]\]. Briefly, oviducts were cut and separated from the surrounding connective tissue. BOECs were mechanically dislodged, purified, and cultured in D-MEM/F12 culture medium supplemented with 2.2% NaHCO~3~, 0.1% gentamicin, 1% amphotericin, and 10% fetal calf serum (FCS; BioWhittaker, Walkersville, MD, USA), in 6-well culture dishes (Nalge Nunc International, Roskilde, Denmark) at 38.5 C in 5% CO~2~ and 95% air. After monolayer formation, cells were trypsinized (0.05% trypsin EDTA; Amresco, Solon, OH, USA), replated in 12-well culture dishes at a density of 3 × 10^4^ cells/ml, and cultured until formation of a subconfluent monolayer. The growing BOEC monolayer was then cultured in medium supplemented with 0.1% FCS and incubated for 24 h with AGP (bovine AGP; Life Diagnostics, West Chester, PA, USA) (0, 1, 10 or 100 ng/ml). Finally, the culture medium was collected and stored at −80 C until PGE~2~ determination. Finally, 500 μl TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was added to the wells, and the cells were collected, placed in 1.5 ml microcentrifuge tubes and then, stored at −80 C until RNA extraction. The purity of epithelial cell preparations was evaluated with monoclonal antibodies to cytokeratin (anti-cytokeratin-CK1) and immunostaining. Approximately 98% of the cells were positive for anti-cytokeratin (CK1) antibodies.

AGP gene expression
-------------------

AGP gene expression in PMNs, BOECs and the liver was detected by reverse transcription polymerase chain reaction (RT-PCR), as described previously \[[@r14]\]. The primers used for PCR were as follows: 5'- CCAACCTGATGACAGTGGC-3', forward and 5'- GCCGACTTATTGTACTCGGG-3', reverse, for AGP (NM~‑~001040502, 109 bp) and 5-CCAAGGCCAACCGTGAGAAAAT-3', forward, and 5-CCACATTCCGTGAGGATCTTCA-3', reverse, for β-actin (K00622, 256 bp).

AGP concentration determination
-------------------------------

Fourteen oviducts at different stages of the estrous cycle (preovulatory, n = 4; postovulatory, n = 5; and mid-luteal stage, n = 5) were very gently flushed with 200 µl PBS^--/--^ and the flushing media were collected into 1.5 ml microcentrifuge tubes. Extreme precautions were taken to avoid any outside contaminations. The flushing media were centrifugated at 1000 *g* for 10 min at 4 C to remove cellular debris. The AGP concentrations were measured directly in the flushing media using an ELISA kit (Uscn Life Science, Wuhan, China) according to the manufacturer's protocol. The AGP concentrations were quantified based on a standard curve with optical density (OD) measurements at 450 nm on an ELISA reader (Multiskan MS plate reader, Thermo Labsystems, Vantaa, Finland). The intra- and inter-assays coefficients of variation (CVs) were 10% and 12%, respectively. The range of the standard curves for these assays was 15.5--1000 ng/ml.

PGE~2~ concentration determination
----------------------------------

Previously, we have shown that the bovine oviducts provide a PGE~2~-rich microenvironment to protect sperm from phagocytosis by PMNs \[[@r4]\]. Therefore, we investigated the effect of AGP on PGE~2~ production from cultured BOECs. The BOECs were incubated with AGP (0, 1, 10 or 100 ng/ml) for 24 h and then, the culture medium was collected and used for measuring of PGE~2~ concentrations by using a second antibody enzyme immunoassay as previously described \[[@r11]\]. Thirty-six BOEC supernatants were used for PGE~2~ concentration determination. The intra and inter-assays CVs were 7.3 and 11.4%, respectively. The ED~50~ was 260 pg/ml, and the range of the standard curves for these assays was 20--20000 pg/ml.

Preparations of PMNs
--------------------

Heparinized blood from a multiparous Holstein cow during the luteal stage was collected, and PMNs were isolated as previously described \[[@r15]\]. The PMNs were suspended at a density of 15×10^6^ cells/ml in culture medium supplemented with 0, 1, 10 or 100 ng/ml of AGP (bovine AGP; Life Diagnostics) and incubated at 37 C in 5% CO~2~ and 95% air for 4 h with gentle shaking. After PMNs incubation, PMNs were washed 2 times with PBS^--/--^ and used for a phagocytosis assay.

Preparation of sperm
--------------------

In parallel with the PMN preparation, sperm preparation was also carried out. Frozen straws were obtained that contained semen from three highly fertile Holstein bulls of the Genetics Hokkaido Association (Hokkaido, Japan). All semen straws were obtained from a single ejaculate from each bull separately. *In vitro* capacitation was induced by 4 h incubation of bull sperm in modified Tyrode's albumin, lactate, and pyruvate medium (Sp-TALP) supplemented with 10 µg/ml heparin, according to the method previously described \[[@r16], [@r17]\]. Capacitation was verified by the induction of acrosome reactions using 100 µg/ml lysophosphatidylcholine for 15 min. Acrosome reactions were detected by performing a dual staining procedure with Trypan blue supravital stain and Giemsa stain as described by Kovacs and Foote \[[@r18]\]. After the treatment for capacitation, sperm were washed and suspended in Tyrode's medium containing lactate, pyruvate, and HEPES (TL-HEPES) \[[@r19], [@r20]\], and they were then used in the phagocytosis assays.

Coating of plates with desialylated AGP (as-AGP)
------------------------------------------------

Plates were coated as described previously \[[@r21]\], with minor modifications. Three 96-well ELISA plates (Nunc, Denmark) were coated with AGP (0, or 10 μg/well) dissolved in 150 μl of PBS for 2 h at 37 C. They were then washed three times with PBS and blocked with 0.1% bovine serum albumin (BSA) in PBS for 2 h at 37 C. Plates were coated with as-AGP by incubating the AGP-coated plates with 200 mU/ml neuraminidase (Streptococcus 6646K, EC 3.2.1.18, Seikagaku, Tokyo, Japan) in 0.1 M PBS (pH 5.2) for 2 h at 37 C. Next, the plates were washed three times with PBS and blocked with 0.1% BSA in PBS for 2 h at 37 C. The plates were washed again three times with PBS before use. PMNs were cultured on the coated plates for 4 h and then, used in the detection of the phagocytic activity and superoxide generation of PMNs in response to sperm.

Phagocytosis assay
------------------

The phagocytic activity of PMNs for capacitated sperm was assayed according to the method previously described \[[@r22]\], with minor modifications. Briefly, PMNs incubated for 4 h were suspended in TL-HEPES. A 50 µl aliquot of PMN suspension was mixed with an equal volume of the treated sperm suspension in a 96-well untreated polystyrene microtest plate (Thermo Scientific, Roskilde, Denmark) and incubated at 38 C in 5% CO~2~ and 95% air for 60 min with gentle swirling on a test-plate shaker. The final concentrations of PMNs and the treated sperm were 15 × 10^6^ and 30 × 10^6^ cells/ml, respectively. After incubation, an equal volume of heparin (40 mg/ml in TL-HEPES) was added to facilitate the dissociation of agglutinated PMNs. Subsamples of 75 µl were fixed by adding 25 µl of 2% (v/v) glutaraldehyde. The fixed samples were mounted into glass slides and examined at × 400 magnification using a phase-contrast microscope connected to a digital camera and a computer system (Suite, Leica Microsystems, Wetzlar, Germany). At least 400 PMNs were counted in different areas of the specimens. The percentage of PMNs with phagocytized sperm was recorded as the phagocytosis rate. Quantification of the number of PMNs with phagocytized sperm was performed independently by two observers.

Superoxide generation determination
-----------------------------------

PMNs were incubated with AGP (0 or 100 ng/ml) for 4 h, suspended in TL-HEPES either with or without the treated sperm and directly used for measuring superoxide generation. Briefly, 10 µl luminol reagent (Sigma) was pipetted into a 96-well FluoroNunc plate (Nunc, Roskilde, Denmark). Next, 100 µl of PMNs incubated for 4 h (0.5 × 10^6^ cells/ml) and treated sperm (1 × 10^6^ cells/ml) were added. Superoxide generation was detected at 425 nm using an AB-2350 Phelios (ATTO, Tokyo, Japan).

Scanning electron microscopy (SEM)
----------------------------------

Neutrophils either directly phagocytize sperm through cell-cell attachment or entrap them within neutrophil extracellular traps (NETs), structures consisting of neutrophil nuclear DNA and associated proteins, that act to ensnare the sperm and hinder their motility \[[@r23], [@r24]\]. We therefore used SEM to investigate the effect of AGP on NET formation by PMNs for sperm entanglement. Basically, PMNs were incubated in culture medium without any stimulation, or with AGP (100 ng/ml) for 4 h, and then a phagocytosis assay was performed by incubation of PMNs (15 × 10^6^ cells/ml) together with capacitated sperm (30 × 10^6^ cells/ml) for 60 min with gentle swirling on a test-plate shaker. For SEM, each sample, after phagocytosis, was placed onto cover glass coated with 0.1% neoprene in toluene, dried at room temperature, and fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (PB, pH 7.4). After fixation, the samples were washed in PB, postfixed in 1% osmium tetroxide in PB and dehydrated in a graded series of ethanol solutions. The specimens were then freeze-dried with *t*-butyl alcohol using a freeze dryer (ES-2030, Hitachi, Tokyo, Japan). Each dried sample was mounted on a specimen stub with cover glass and sputter-coated with platinum (Pt) (Ion sputter coater E-1045 ion sputter coater, Hitachi High-Technologies, Tokyo, Japan). The specimens were observed using a scanning electron microscope (Hitachi High-Technologies) at an accelerating voltage of 5 kV.

Statistical analysis
--------------------

Data are presented as the mean ± SEM. Statistical analyses were performed with StatView 5.0 (SAS Institute, Cary, NC, USA). Statistical significance between groups was determined using a one-way ANOVA followed by multiple comparison tests (Fisher's test for three groups, and Bonferroni's test for more than three groups). Results were considered to be statistically significant at P \< 0.05.

Results {#s2}
=======

AGP mRNA expression and the AGP concentration in oviduct fluid
--------------------------------------------------------------

Our results demonstrate local gene expression of AGP by cultured BOECs *in vitro* that was well comparable to that for the liver and PMNs ([Fig. 1a](#fig_001){ref-type="fig"}Fig. 1.(a) AGP gene expression in PMNs, BOECs, and the liver. (b) The AGP concentrations per oviduct flush during the estrous cycle. (preovulatory, n = 4, postovulatory, n = 5, and mid-luteal stage, n = 5) (c) Percentage of PMN phagocytosis for sperm treated to induce capacitation *in vitro*. PMNs were incubated for 4 h in culture medium supplemented with 0, 1, 10, or 100 ng/ml AGP and then subjected to a 1-h phagocytosis assay. Numerical values are presented as means ± SEM of three experiments. The different letters indicate significant differences between treatments at P \< 0.05. (d) The effect of AGP on percentage of superoxide production by PMNs undergoing *in vitro* phagocytosis of sperm treated to induce capacitation. Numerical values are presented as means ± SEM of four experiments. The different letters indicate significant differences between the marked treatments at P \< 0.05.). Thus, the local concentrations of AGP in the oviduct fluid were determined. The AGP concentrations in bovine oviduct flushing media were not significantly changed during different stages of the estrous cycle and were ranged from 30--60 ng/ml ([Fig. 1b](#fig_001){ref-type="fig"}).

Dose-dependent effect of AGP on the phagocytic activity and superoxide generation of PMNs for sperm
---------------------------------------------------------------------------------------------------

The AGP system has immunomodulatory functions \[[@r9]\], and may be involved in regulation of the local immune response in the bovine oviduct. It is therefore of interest to determine the effect of AGP on PMN-mediated phagocytosis of sperm. A 4-h preexposure of PMNs to AGP (1, 10 or 100 ng/ml) resulted in a dose-dependent decrease in the PMN phagocytosis activity for capacitated sperm ([Fig. 1c](#fig_001){ref-type="fig"}). Moreover, the stimulation of PMNs with 100 ng/ml AGP prior to the superoxide assay reduced superoxide production by PMNs incubated with capacitated sperm compared with unstimulated PMNs ([Fig. 1d](#fig_001){ref-type="fig"}).

Observation of NET formation by SEM
-----------------------------------

During the phagocytosis assay, the addition of sperm to PMNs induced NET formation ([Fig. 2a, b, d, e](#fig_002){ref-type="fig"}Fig. 2.Scanning electron microscopy of sperm phagocytosis by PMNs. The upper panels are images obtained at ×1,000 (a, b, c) and the lower panels are those obtained at ×2,000, respectively. PMNs were incubated without any stimulant (a, d), or with sperm addition to induce neutrophil extracellular traps (NETs) (b, e). NET formation was suppressed in PMNs incubated with AGP (100 ng/ml) prior to a phagocytosis assay (e, f).). However, the exposure of PMNs to AGP (100 ng/ml) prior to the phagocytosis assay reduced NET formation by PMNs ([Fig. 2c, f](#fig_002){ref-type="fig"}).

Effect of desialylated-AGP on phagocytic activity and superoxide production by PMNs for sperm
---------------------------------------------------------------------------------------------

The immunomodulatory functions and binding activities of AGP have been shown to be mostly dependent on carbohydrate composition, and changes in the glycosylation of AGP can affect its biological properties \[[@r9]\]. A four-hour incubation of PMNs on AGP-coated plates prior to the phagocytosis assay resulted in a decrease in the phagocytic activity of PMNs for capacitated sperm ([Fig. 3a](#fig_003){ref-type="fig"}Fig. 3.Effect of as-AGP on phagocytic activity and superoxide production by PMNs for sperm . PMNs were incubated for 4 h in coated plates supplemented with culture medium only, AGP, or as-AGP and then subjected to a 1-h phagocytosis assay. (a) The percentage PMNs undergoing phagocytosis of sperm treated to induce capacitation, *in vitro*. The different letters indicate significant differences between the marked treatments at P \< 0.001. (b) The percentage of superoxide production by PMNs undergoing *in vitro* phagocytosis of sperm treated to induce capacitation. The different letters indicate significant differences between the marked treatments at P \< 0.05. Numerical values are presented as means ± SEM of four experiments.). However, incubation of PMNs in the as-AGP-coated plates resulted in complete abolishment of the suppressive effect of AGP on the phagocytosis of sperm by PMNs ([Fig. 3a](#fig_003){ref-type="fig"}). Moreover, the incubation of PMNs in the as-AGP-coated plates resulted in removal of the suppressive effect of AGP on the superoxide production by PMNs in response to sperm ([Fig. 3b](#fig_003){ref-type="fig"}).

The effect of AGP on PGE~2~ production from cultured BOECs
----------------------------------------------------------

Incubation of BOECs with AGP (0, 1, 10, or 100 ng/ml) for 24 hours resulted in stimulation of PGE~2~ production in BOECs *in vitro* in a dose-dependent manner ([Fig. 4a](#fig_004){ref-type="fig"}Fig. 4.(a) The percentage of PGE~2~ production in BOEC culture medium supplemented with AGP (0, 1, 10 or 100 ng/ml) for 24 h (n = 9 /group, 100% = 48.1 ± 4.1 ng/ml, means ± SEM). (b) The effect of AGP (50 ng/ml) and PGE~2~ (10^--8^ M, 3.52 ng/ml) in combination, on the phagocytic activity of PMNs for sperm treated to induce capacitation. Numerical values are presented as means ± SEM of four experiments. The different letters indicate significant differences between the marked treatments at P \< 0.05., P \< 0.05).

The effect of AGP and PGE~2~ in combination on the phagocytic activity of PMNs for sperm
----------------------------------------------------------------------------------------

A four-hour incubation of PMNs with the local concentration of AGP detected in oviduct flushing media (50 ng/ml), along with that of PGE~2~ (10^-8^ M, 3.52 ng/ml, \[[@r4]\]), resulted in an additive effect in suppression of the phagocytic activity of PMNs for treated sperm ([Fig. 4b](#fig_004){ref-type="fig"}).

Discussion {#s3}
==========

Bovine AGP is the main acute phase protein; its concentration in the peripheral blood circulation increases from approximately 0.3 mg/ml to 0.9 mg/ml during disease \[[@r25], [@r26]\]. AGP is mainly produced by the liver, from which it diffuses into the general circulation \[[@r6]\]. AGP mRNA was detected in extrahepatic organs such as the lung, kidney, spleen, lymph node, uterus, ovary, placenta, and decidua \[[@r10], [@r27]\]. Additionally, AGP protein has been previously detected in sow oviduct fluid \[[@r28]\]. In this study, we have provided the first evidence for the local gene expression of AGP by bovine oviduct epithelial cells *in vitro*. The oviduct flushing media contained AGP in the range of 20--60 ng/ml, which is much lower than that seen in bovine plasma. Generally, it has been shown that AGP has immunomodulatory effects \[[@r8], [@r29],[@r30],[@r31]\]. This prompted us to investigate the effect of AGP on the phagocytosis of sperm by PMNs. Our results show that detectable concentrations of AGP were found in the oviduct flushing media, and AGP dose-dependently suppressed PMN phagocytosis of sperm *in vitro*. Additionally, SEM analysis demonstrated that AGP drastically reduced NET formation, preventing sperm from being fixed and trapped by PMNs, and thus indirectly resulted in the suppression of PMN phagocytosis for sperm.

Previously, it has been shown that AGP induced a dose-dependent inhibition of superoxide generation in PMNs stimulated by phorbol-12-myristate-13-acetate \[[@r32]\]. Additionally, the ability of PMNs to release superoxide has been used as an indicator for evaluating their phagocytic activity on sperm \[[@r33]\]. Our results show that only in the presence of sperm did AGP (100 ng/ml) significantly suppress superoxide release by PMNs. These findings suggest that the AGP secreted in bovine oviducts contributes to the protection and maintenance of sperm survival through the suppression of phagocytic activity and superoxide release by PMNs. In humans, it has been shown that leukocytes are the predominant source of superoxide production in sperm preparations and that the contribution of spermatozoa was either undetectable or was a small fraction of that contributed by leukocytes \[[@r34]\]. In general, PMNs form NETs for pathogen uptake depending on superoxide release through reactive oxygen species (ROS)-generating pathways \[[@r35]\]. NADPH decomposition results in the release of superoxide, which is converted to hydrogen peroxide (H2O2) either by superoxide dismutase (SOD) or spontaneously \[[@r35]\]. The generated H2O2 is then used in the formation of halogenated ROS, such as hypochlorite (OCL-) by myeloperoxidase (MPO), which induces NETs formation \[[@r35]\]. Therefore, we hypothesize that AGP, via the suppression of superoxide generation, could affect the ROS-generating pathways that lead to suppression of NETs formation, altering the phagocytic behavior of PMNs for sperm.

The mechanism by which AGP suppresses the phagocytosis of sperm by PMNs is still unknown. The binding and immunomodulatory activities of AGP have been shown to be mostly dependent on its carbohydrate composition \[[@r9]\]. Importantly, bovine AGP is one of the most heavily glycosylated proteins \[[@r5]\], and AGP glycosylation is modified during disease \[[@r36]\]. It is conceivable that the terminal sialic acid residues exposed on the surface of AGP block phagocytosis by binding phagocyte sialic acid-binding immunoglobulin-type lectins (Siglec) \[[@r37]\]. Therefore, we hypothesized that the sialic acid contributes to the suppressive effect of AGP on PMN phagocytosis for sperm. In fact, our results show that desialylating AGP completely abolished the AGP-suppressive effect on both PMN phagocytosis of sperm and superoxide release. These results are in agreement with previous studies showing that desialylating AGP abolished an AGP hepato-protective effect \[[@r38]\] and anti-apoptotic activity \[[@r39]\], whereas hyposialylated AGP completely inhibited the phagocytosis of *E. coli* by feline neutrophils \[[@r40]\].

We previously demonstrated that luteinizing hormone stimulates BOECs to secrete PGE~2~, which plays a major role in suppressing the phagocytic activity of PMNs for sperm \[[@r4]\]. Interestingly, our results showed that AGP dose-dependently stimulated PGE~2~ secretion from BOECs. Moreover, AGP and PGE~2~, within the physiological concentrations detected in oviduct flushing media, additively suppressed the phagocytosis of sperm by PMNs. Thus, these findings suggest that AGP not only directly suppresses sperm phagocytosis but also works cooperatively with PGE~2~ to suppress the phagocytosis of sperm by PMNs in the bovine oviduct.

Taken together, our findings suggest that AGP has immunomodulatory functions in the bovine oviduct. It is proposed that under physiological conditions, the local AGP system in the bovine oviduct may aid sperm survival through direct suppression of the phagocytic activity of PMNs for sperm, through reduction of superoxide production by phagocytizing PMNs, and by limiting NET formation.
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